Impaired cardiac diastolic function occurs with aging in many species and may be difficult to measure noninvasively. In humans, left atrial (LA) volume is a robust measure of chronic diastolic function as the LA is exposed to increased left ventricular filling pressures. We hypothesized that LA volume would be a useful indicator of diastolic function in aging mice. Further, we asked whether pressures were propagated backwards affecting pulmonary arteries (PAs) and right ventricle (RV). We measured LA, PA, and RV infundibulum dimensions with echocardiography and used mouse-specific Doppler systems and pressure catheters for noninvasive and invasive measures. As C57BL/6 mice aged from 3 to 29-31 months, LA volume almost tripled. LA volume increases correlated with traditional diastolic function measures. Within groups of 14-and 31-month-old mice, LA volume correlated with diastolic function measured invasively. In serial studies, mice evaluated at 20 and 24 months showed monotonic increases in LA volume; other parameters changed less predictably. PA diameters, larger in 30-month-old mice than 6-month-old mice, correlated with LA volumes. Noninvasive LA volume and PA diameter assessments are useful and state independent measures of diastolic function in mice, correlating with other measures of diastolic dysfunction in aging. Furthermore, serial measurements over 4 months demonstrated consistent increases in LA volume suitable for longitudinal cardiac aging studies.
Age-related diastolic dysfunction develops in humans (1), monkeys (2), mice (3) (4) (5) , rats (6, 7) , and dogs (8, 9) . Derangements are seen in both slowed active relaxation due to impaired calcium handling (3, 4, 10) and increased passive stiffness from interstitial fibrosis (8, 11) . Although age-related diastolic dysfunction is not severe enough in aging mice or humans to produce heart failure (HF), it contributes to the dramatic increase in HF incidence in humans with age, especially HF with preserved left ventricular (LV) ejection fraction (12, 13) .
Caloric restriction (4, 14) , exercise training (7, 15) , or reductions in oxidative free radical generation (16) has been suggested to prevent the development of diastolic dysfunction with aging in people and in animal models. The individual parameters used for the noninvasive assessment of diastolic function depend on factors difficult to control such as heart rate or loading conditions that may not reflect improved relaxation or decreased fibrosis (17) (18) (19) . These parameters, like tissue Doppler and invasive measurements, are also modified directly or indirectly by anesthesia, arrhythmias, or stress (3, (20) (21) (22) (23) (24) (25) . Critically, in the older participant with impaired filling, both improvement and worsening of diastolic function produced by an intervention could result in increased early peak transmitral filling velocity (peak E), increased early to atrial filling velocity ratio (E / A ratio), and shortening of isovolumic relaxation time (IVRT), all key noninvasive measures of diastolic function measured by echocardiogram (26) . Invasive studies may be more robust, but invasive studies are difficult to perform serially, especially in the mouse. Therefore noninvasive, robust measures of chronic diastolic function suitable for serial studies are needed in the mouse.
Left atrial (LA) size may reflect the long-term filling requirements of the LV. The mitral valve is open during ventricular diastole, so the LA is exposed to LV diastolic pressures. Sustained increases in LV diastolic pressures, caused by either systolic or diastolic dysfunction, or persistent increases in transmitral volumes will result in LA enlargement (17) . LA size has been suggested as an integrated indicator of LV end-diastolic pressure in humans (17) , and we suggest the same for mice.
Elevated LA pressures may be propagated backwards through the pulmonary circulation (27) and increased pulmonary artery (PA) pressures may produce structural changes in the PA and right ventricle (RV) (27) . Aging increases PA pressures (28) (29) (30) and may correlate with diameter increases in humans (31) . In mice from maturity (16 weeks old) to middle age (32 weeks old) PA diameter increases, but what occurs beyond 8 months is uncertain (32) .
We hypothesized that LA enlargement would be a reliable marker of LV diastolic function, reflecting the severity and duration of dysfunction occurring with aging, rather than the hemodynamic state at the time of the study. We further considered that PA might also reflect the same factors and that both LA volume and PA diameter are less sensitive to the conditions at the time of study. The ability to reliably assess the cardiac changes in aging mice with noninvasive techniques, especially for diastolic function, will augment our experimental approaches to decrease the incidence of HF in aging (12, 13) .
Methods

Animals
Male C57BL/6J mice were obtained from the National Institute of Aging and allowed to recover for 2 weeks after receipt. They were housed individually in a Baylor College of Medicine vivarium, approved by the American Association for Accreditation of Laboratory Animal Care and cared for in accordance with the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals were kept in a room at controlled temperature (24°C) and lighting (14-10 hours of light-dark cycle) with free access to food and water. A first set of C57BL/6 mice was divided into four groups according to their ages: 29-to 31-montholds (n = 30), 23-month-olds (n = 19), 13-month-olds (n = 14), and 3-month-olds (n = 27). A second group of 14-month-old (n = 9) and 31-month-old (n = 6) C57BL/6 mice had invasive studies that were correlated with the LA measurements. A third group of C57BL/6 mice (n = 11) was aged in our facility and studied at 20 months and again at 24 months to follow changes in individual mice. Finally, LA volume, PA diameter, and the RV infundibulum (RVI) were obtained from 6-month-old (n = 12) and 30-month-old (n = 5) C57BL/6 mice. All mice were examined for signs of disease before being studied and were excluded if they had obvious pathology.
Doppler and Two-dimensional Echocardiography
Two-dimensional (2D) and M-mode images were acquired using a Vevo 770 RMV-710B 25-MHz probe for left sided measurements and 30-MHz probe for right sided measurements (VisualSonics, Toronto, Canada). To collect the mitral inflow and aortic outflow Doppler measurements for the C57BL/6 mice, a Doppler signal processing workstation (DSPW, Indus Instruments, Houston, TX) was employed using a 10-MHz (1-mm diameter) pulsed Doppler probe (3).
Mice were anesthetized in a closed chamber with 1.5% Isoflurane in oxygen. When the mice were recumbent, they were weighed, and body fur was shaved from the anterior thorax and upper abdominal area and acoustic coupling gel was applied. They were taped in the supine position to a temperature-controlled laminated plastic board and were maintained with 1% Isoflurane in oxygen by nose cone. Copper electrodes were placed appropriately so that all four limb leads could be used for electrocardiographic monitoring for arrhythmias and in no mouse was the coefficient of variation of the RR interval more than 10% consistent with the absence of arrhythmias.
Quantitation of LV function and structure was done with twodimensionally guided M-mode images from parasternal short-axis views at midpapillary level. Multiple LA dimensions were collected to obtain the chamber volume. For both young (left column Figure 1 ) and old mice (right column Figure 1 ), illustrative images are shown. The superoinferior (SI) and anteroposterior (AP) dimensions ( Figure 1A and B) were obtained in a long-axis view, M-mode represents the AP dimension ( Figure 1C and D) . The mediolateral (ML) dimension was assessed in parasternal short-axis view ( Figure 1E and F). The LA volume was calculated using the formula for a prolate ellipse: LA Volume = (4π × SI × AP × ML) / (3 × 2 × 2 × 2) (33, 34) . To normalize LA size for body size, surface area was estimated with the formula SA = kBW 0.67 , where SA is surface area in square centimeters, BW is the mouse weight in grams, and the value of the constant "k" is 9.0 cm 2 /g as recommended for mice (35) . For the PA and RV (5), a 30-MHz probe was used to visualize these structures. The long-axis view was used for the RVI (Supplementary Figure 1) . The mouse was changed to a "standing up" position (at approximately 60°) and a 5° lateral rotation to its right allowing the PA to be better visualized in a short-axis view ( Figure 1G and H). Video clips showing the techniques are provided at https://www.youtube.com/ watch?feature=player_detailpage&v=8BbxYj9ob2U.
Mitral inflow and aortic outflow Doppler signals were collected with the DSPW using a 1-mm diameter probe placed just lateral to the xiphoid. Two seconds of data were acquired, stored, and analyzed. The velocity (v) was calculated from the Doppler shift frequency (∆f) using the Doppler equation: v = c × ∆f / 2f o × cos(θ), where c is the speed of sound in blood (1,540 m/s), f o is the ultrasonic frequency (10 MHz), and θ is the angle between the sound beam and the velocity vector. No angle correction was required or used in this study (θ = 0) as the thin probe allows alignment parallel to blood flow (3).
Invasive Studies of Cardiac Systolic and Diastolic Function
Under 1% Isoflurane anesthesia in oxygen administered by nose cone, the right neck was shaved for isolation of the right carotid and introduction of a (0.35 mm) Millar Microcatheter for pressure measurements. It was advanced into the LV to obtain +dP/dt max as a measure of systolic function. For diastolic function, LV end-diastolic pressure (LVEDP), −dP/dt min , and Tau were determined (5). Tau was determined from fitting to the pressure decay curve from the time when −dP/dt min occurs using a zero asymptote.
Data Analysis
Data are expressed as means ± SEM. Statistical testing was performed with Student's t test or analysis of variance for multiple groups or repeated measures as appropriate. Statistical significance was defined as p less than .05.
Results
Left Heart Aging in C57BL/6J Mice Table 1 presents the echocardiographic and Doppler derived measurements of cardiac function in four distinct age groups of male C57BL/6 mice. Marked differences in function and structure were present between the young (3-month-olds) and the oldest (29-to 31-month-olds) mice. LV wall thicknesses were increased and systolic function (fractional shortening) decreased. There was no change in LV end diastolic volume from 3 to 23 months, but there was a modest increase in LV end-diastolic volume from 23 to 29-31 months. Peak E velocity seemed to decrease with age initially but then showed no consistent changes after 13 months. In the 29-to 31-month-old mice, the Peak E velocity was not different from the youngest group. Because heart rate modifies E / A ratio and the IVRT and we had no means to control the examination heart rates, the E / A ratio and the IVRT data are difficult to interpret. When the IVRT was corrected for heart rate (IVRT / RR), an age-related increase was seen in 23-month-old mice, but IVRT/RR did not increase further in the 29-to 31-month-old mice. Elevated filling pressures, which likely increased the peak E filling velocity, may have also shortened the time to mitral valve opening (the end of IVRT). In contrast to these "dynamic parameters" (Figure 2A ), there was a consistent, monotonic increase in LA volume with age in these mice. With correction techniques for weight ( Figure 2B ) or body surface area ( Figure 2C ), the age relationships persisted. The corrections seemed to minimize the age increases in LA volume between 3 and 13 months, but not the increases after 13 months. The mean LA volume was three times larger in the oldest mice compared with the youngest C57BL/6 mice. The LA dimensions were increased in all three dimensions in the older mice, but to varying extents. Left atrial volume increases with age in the C57BL/6 male mice. Individual mice are shown to display that the variability in the measures also increased with age especially in the oldest mice (A). Left atrial volume correction for body mass (B) or surface area (C) confirms the increase with age in adjusted left atrial volume in the C57BL/6 male mice. Statistically significant differences in comparison with the 29-to 31-month-old group are marked with an asterisk. 
Changes in LA Volume Over a 4-Month Period in Aging Mice
Studies using individual mice followed serially are advantageous as the number of animals required may be reduced compared with a typical across groups study. In a group of eleven C57BL/6 male mice, we measured cardiac function at 20 months of age and repeated the studies at 24 months. The data are shown in Table 2 . Over this time, LA volume increased 20% without correction for body mass (Figure 3 ) and the increase was larger when corrected for body mass as some of the animals began to lose weight. Peak E velocity and IVRT were just as likely to increase as decrease in individual mice, suggesting that some developed further increases in ventricular stiffness. No other echocardiographic or Doppler obtained parameter changed as consistently as LA volume over this 4-month period.
Correlation Between LA Volume and Invasive Measures of Diastolic Function
Because we found significant range of values in LA volume within each age group (Figure 2A ), we evaluated whether LA volume correlated with differences in function determined invasively within an age group for both 14-and 31-month-old mice. In the 14-month-old mice, LA volume correlated with three standard invasive measures of diastolic function −dP/dt min (r 2 = .5, p < .05; Figure 4A ), Tau (time constant of relaxation, r 2 = .6, p < .05; Figure 4B ), and LVEDP (r 2 = .25, p < .05; Figure 4C ). For the 31-month-old mice, the correlations between LA volume and -dP/ dt min (r 2 = .92, p < .05; Figure 4A ) and LVEDP (r 2 = .61, p < .05; Figure 4B ) were apparent though the relationship with Tau less clear. Therefore, LA volume increased with diastolic impairment within the groups.
PA and Aging in C57/BL6 Mice
Assessing LA volume required multiple images and assumptions about the shape of the atrium, therefore, we wondered whether the elevations in pressure that induced LA enlargement might impact the right sided structures, which could be easier to assess. The proximal PA was easily visualized when the mouse was in the "standing up" position ( Figure 1G and H). We were able to perform the complete examination in all mice for both age groups. The maximum diameter of the pulmonary artery was 20% larger in the old mice ( Figure 5A ), suggesting a 40% increase in the cross-sectional area. We also measured the aorta (A) and calculated the PA / A ratios. The aorta was larger by 10% in the old group ( Figure 5B) . The PA / A ratio is associated with pulmonary hypertension when more than 1 in humans (36) . The PA / A ratio was more than 1 in 88% of the old mice, compared with none of the younger mice ( Figure 5C ), suggesting that increases in PA pressure occur with age. Unlike for the young mice, the PA cross-sectional area increased with the LA volume for the 30-month-old mice (r 2 = .73, p < .05; Figure 6 ), suggesting that a common stimulus was driving both measures in aging. 
Age-related Changes in the RV
In the "standing up" position, a segment of the RV free wall was available for M-mode assessment. There was no age-related difference in the RV's free wall thickness in systole or diastole ( Table 3) . The RVI, part of the RV outflow tract, was well appreciated (Supplementary Figure 2a) , accounting for up to 30% of the RV's total diastolic volume (37) . The RVI anteroposterior and superoinferior dimensions were larger in the 30-month-old mice in both diastole and systole ( Supplementary Figure 2b-d) , but the RVI fractional shortening showed no age-related difference (young = 19% ± 2; old = 16% ± 4; p = .45). Overall, the systolic function of the old RV was preserved, suggesting that severe RV overload was not present in the old mice.
Discussion
Aging leads to a deterioration of diastolic function via alterations in ventricular-arterial stiffening, vascular dysfunction, impaired calcium regulation, decreased β-adrenergic responsiveness, and physical deconditioning producing slowed active relaxation and increased passive stiffness and leading to increases in LV filling pressure and compensatory enlargement of the LA (12, 13) . Age-related cardiac diastolic dysfunction alone may not be severe enough in the aging mouse or humans to produce HF, but when combined with disease effects (ie, hypertension), HF incidence in humans increases dramatically, especially HF with preserved LV ejection fraction (12, 13) . We observed that LA volume increased monotonically in mice with their cardiac aging, that it correlates with other measures of diastolic function, and that it was useful for serial studies. Furthermore, the age-related increases in pressure that stimulated the LA enlargement appear to propagate through the pulmonary vasculature resulting in enlargement of the proximal PA and RVI. In the absence of arrhythmias and mitral valve dysfunction, the LA volume may provide a useful, integrated indicator of chronic LV diastolic function in the mouse and similar associations may be present with PA.
Aging Increases LA Size
LA enlargement with aging has been reported in other nonhuman species; for example, Rhesus monkeys (2), rats (38) , and mice (16) . Our findings suggest that aging increases LA volume and that the increases correlate with worsening diastolic function in mice even within age groups.
In our mice, serial measurements of LA volume seemed to have adequate sensitivity to age-related changes occurring over a 4-month interval. Indeed, serial echocardiographic measurements of LA size in people revealed that age and disease have additive effects on increases in LA size (39) . Whether LA volume increases in the absence of disease has been examined repeatedly; the consensus is that it increases after 70 years of age (40) (41) (42) (43) (44) , paralleling the increased reliance on LA for diastolic filling of the LV (1,41-43 ).
In the C57BL/6 mouse, we found a gradual progression of increasing LA volume with age from adulthood to senescence, suggesting that mice have no "threshold" (Figure 2A ). However, when the LA volume was corrected for body mass ( Figure 2B and C) , the relationship between LA volume and age was similar to that described in humans. That is, in the absence of disease, the increase in normalized LA volume is a late life phenomenon consistent with the appearance of LV diastolic dysfunction. Others have suggested that LA size, both diameter and volume, should be indexed to body size in people (45) and this seems prudent in mice.
The enlargement of the LA was not symmetrical and we calculated LA volume assuming that the atrium is a prolate ellipse. Modeling the LA as a prolate ellipse for volume calculation has proven to be a reliable model for distinguishing between normal and abnormal diastolic function in humans (33, 34) . Although magnetic resonance imaging and 3D echocardiography are more accurate than 2D echocardiographic techniques, the 2D methods are considered adequate for LA volume evaluation (33, 34) . There was no reason to assume that age would increase the dimensions symmetrically. The unpredictability of patterns of the geometry of LA enlargement is consistent with clinical experience in patients (46) and suggests that volumes should be calculated rather than relying on a single dimension.
LA Size Responds to Chronic Changes in Filling Volumes or Pressure
Our data support the addition of LA size as a noninvasive reflection of integrated LV function as suggested by the European Society of Cardiology (47) and others for assessing the presence of elevated LV end-diastolic pressures in HF with preserved ejection fraction (17, 45, 47, 48) . Critically, LA enlargement will reflect chronic elevations in LV end-diastolic pressures whether due to LV systolic or diastolic dysfunction, mitral valve dysfunction, or restriction from pericardial or infiltrative processes. The LA size must be interpreted carefully if any of these confounders are present. 
LA Enlargement Reflects Diastolic Dysfunction
Almost all of the hemodynamic parameters recommended for assessment of diastolic function may reflect other influences and may be confounded by "pseudonormalization" (17, 49) . As diastolic function worsens, the LA pressures driving LV filling increase and the peak E velocity increases (50) . Expert echocardiographers in the CHARM-Preserved Study were able to discriminate normal from "pseudonormal" only 14% of the time, relying instead on serum Brain Natriuretic Peptide (51) . The authors concluded that echocardiography alone is not adequate for this critical discrimination, but the investigators did not evaluate mitral annulus movement with tissue Doppler (see below), which may be less affected by filling pressures (51, 52) . Similarly IVRT, the time from aortic valve closure to mitral valve opening, is modified by heart rate and filling pressures. Shorter IVRT suggests better diastolic function, but IVRT has been found to be shorter in people with severe diastolic dysfunction and we found that IVRT / RR did not increase significantly from 23 to 29-31 months (Table 1) nor from 20 to 24 months in the serial study (Table 2 ) (53) . The E / A velocity ratio is likewise highly dependent on heart rate, the atrial contribution increasing (and the ratio decreasing) with increasing heart rate in mice (3) . We showed correlations between LA volume and invasive parameters within a group of middle-aged and old mice consistent with the sensitivity of LA volume to diastolic dysfunction even within an age group. The invasive measurements are valuable but are challenging to repeat for serial studies in mice. Douglas suggests the use of the LA volume to assess LV diastolic pressures is analogous to the relationship between hemoglobin A1C and serum glucose levels in the management of diabetes mellitus (17) . Serum brain or atrial natriuretic peptide levels, transmitral Doppler velocities, mitral annular tissue Doppler velocities, or even invasive assessment of diastolic function, like the serum glucose, reflect the hemodynamic status at the moment (3, 20, 21, 25) . Thus the LA volume can be used for serial studies, but it will not be immediately responsive to changes in hemodynamic state.
PA Size Responds to Age-related Hemodynamic Changes
Our knowledge about the aging changes in the pulmonary vasculature and right side of the heart is limited and much less than that of the systemic circulation. Our findings suggest that the anatomic manifestations of aging are different in mice than in humans. Elevations in PA and RV pressure may result from elevations in LA pressures or primary changes in the pulmonary vasculature. The backward propagation has been proposed as a mechanism whereby left sided heart dysfunction causes right sided HF (27) . After finding LA enlargement, evidence of elevated LA pressure, we found age-associated changes in the PA and RVI in old mice suggesting that PA pressures or volumes were elevated. Age has been associated with increased PA pressure (28) (29) (30) and increased PA diameter in humans (31) and in mice from 16 weeks to 32 weeks of Table 3 . The ranges are shown to illustrate the variability.
age (32) . The PA diameter can be normalized by comparing it with the aorta (PA / A ratio). A PA / A ratio more than 1 is a noninvasive indicator of PA hypertension in humans (36) . Unlike in aging people, the age-associated increase in PA diameter was greater than in the aorta in the mice. In cross-sectional studies of healthy people, the PA / A ratio decreases with age (54) . In our data, aging alone resulted in a PA / A ratio more than 1 for the old mice, compared with .95 for the young mice. This supports the contention that the threshold for PA / A ratio needs to be adjusted for age (28, 36) , but in the opposite direction for mice than in humans.
RVI Responds to Age-related Hemodynamic Changes
We observed age-related increases in all accessible RVI dimensions. The RV's anatomic complexity and location limit its assessment by echocardiography (Supplementary Figure 1) . Invasive studies and magnetic resonance imaging have been used for RV evaluation, but less time consuming and less expensive alternatives are required. Importantly, the RVI is immediately proximal to the PA (Supplementary Figure 2) and it represents at least 25% of the RV's total volume in young people (37) , but whether that proportion changes with species or age is unclear. Lindqvist and colleagues found that assessment of the RVI reflected the entire RV in humans with high fidelity (55) , so perhaps the RVI can be used to infer RV global function in the mouse
Conclusion
What drives age-related diastolic dysfunction remains uncertain. Age-related impairments in calcium handling (3, 4, 10) , impacting active relaxation, and increased passive stiffness, from interstitial fibrosis (8, 11) , may both contribute to the stiffer ventricle in aging. Nevertheless, interventions to prevent these changes in mice may be assessed noninvasively with LA volume and PA diameter in a way that avoids some of the challenges provided by other assessments of chronic diastolic function.
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